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Abstract A novel calcium-phosphate (Ca–P)-coated

magnesium (Mg) membrane used for guided bone regen-

eration (GBR) was studied. The microstructural charac-

terization, electrochemical test, immersion test,

fluorescence labeling analysis and histopathological eval-

uation were carried out. The results showed that Ca–P

coating could obviously improve the corrosion resistance

of the pure Mg membrane. The in vivo results showed that

Mg membrane coated with Ca–P would take 8 weeks to be

completely absorbed. However, Mg membrane was com-

pletely absorbed within 1 week. Histopathological evalu-

ation showed that the Ca–P-coated Mg membranes were

significantly better than Ti membranes at the early

implantation time (4 weeks), and with the time prolonging,

the performance of the coated Mg membrane was not as

good as pure Ti membranes (but still better than blank

group) at 8 and 12 weeks. The coated biodegradable Mg

membrane had a good promising application in GBR. But

further studies have to be done to further decrease the

degradation rate of pure Mg membrane.

Keywords Bone defect; Guided bone regeneration; Ca–P-

coated magnesium (Mg) membrane; Bioabsorbable

membrane

1 Introduction

Nowadays, dental implants have been widely used for the

treatment of dental defect. At the implant interface, bone

quality and its quantity play important roles in determining

stability of the implant system. Bone insufficiency, result-

ing from alveolar bone resorption after dental extraction

and bone defects infected by periodontal diseases, remains

a major challenge for the insertion of dental implants.

Guided bone regeneration (GBR) has been introduced

and combined with bone augmentation to restore the bone

adjacent to dental implants [1]. The principle of GBR is the

separation of bone graft material from the surrounding

fibrous tissue, which allows for bone regeneration [2].

Thus, the key point of this established procedure is the

success of bone graft material contained inside the defect

region, which is covered by a separating barrier membrane

to stabilize graft material and prevents periodontal infec-

tion and ingrowth of surrounding fibrous tissue. The con-

cept has been applied in periodontal regeneration and

alveolar augmentation therapy [3, 4], and high success

rates of GBR procedures of more than 95% have been

reported in recent years [5, 6].

Conventional GBR barrier membranes can be classified

into two material systems, namely non-degradable mem-

branes and degradable membranes [7]. Non-degradable
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membranes, such as polytetrafluoroethylene and titanium

(Ti), could provide high volume stability and have

achieved excellent results in clinic [8, 9]. However, after

the new bone regeneration, a second surgery is required for

membrane removal before the insertion of dental implants,

which means that it could significantly increase the risks of

infection, pain and healing period [10]. Also, the material’s

rigidity may lead to wound dehiscence during healing, and

poor adaptability, which could cause clinical problems

such as infection and ingrowth of surrounding fibrous tis-

sue [11].

Owing to the limitations of non-degradable membranes,

the application of degradable membranes in clinic has

attracted increasing interest. Collagen membranes are most

commonly used and have shown favorable biocompatibil-

ity and bioresorbability [12]. With the advantage of being

resorbed by the body, a second surgery for degradable

membrane removal is not required. This reduces the risk of

infection, tissue damage and onset of pain. However, col-

lagen membranes have variable degradation rates and do

not offer appropriate volume stability due to their low

mechanical strength and stiffness [13]. If the membrane

resorbs too rapidly, there will be no sufficient support for

the defect region. This could be a clinical problem espe-

cially in large bone defect reconstruction that the space for

bone growth will reduce when the defect region is exposed

to the surrounding fibrous tissue.

In response to these clinical problems, this pilot study

aims to develop a new type of barrier membrane that can

feature adequate mechanical stability and biodegradability

in achieving more consistent and effective bone regenera-

tion. Magnesium (Mg) is attracting immense attention as a

promising biodegradable material and differs from other

biomaterials due to its unique performance in biocompat-

ibility and biomechanical properties [14, 15]. Moreover, as

one of the required metals for the metabolism, Mg is pre-

sent in body and can accelerate cell proliferation and

wound healing [16]. Therefore, magnesium-based materi-

als show great potential as barrier membranes for dental

GBR procedures. However, poor corrosion resistance in

physiological environments limits its clinical applications.

Rapid solidification technology could refine the grain size

of Mg alloys, extend solid solubility and make the com-

position homogeneous [17], which is beneficial to the

corrosion resistance of Mg alloys, and thin membrane can

be achieved more easily by rapid solidification technique

compared with commonly used rolling and extrusion

techniques. So, in this work, rapid solidification was

adopted to fabricate pure Mg membrane. In addition, some

recent studies and our previous works have confirmed that

surface treatment can significantly improve the corrosion

resistance of magnesium-based implants [18]. Calcium

phosphate (Ca–P) coating is non-toxic and can improve the

biocompatibility of implants [19]. In this pilot study, we

investigated the feasibility of using Ca–P-coated Mg

membrane for guided bone regeneration (GBR).

2 Experimental

2.1 Fabrication of pure Mg membranes

A mixture of pure Mg ([ 99.95%) was melted in a quartz

tube under an argon atmosphere in an induction furnace,

and then, the pure Mg was injected into the copper rolling

which is rolling at the speed of 1500 m�min-1. Pure Mg

membrane with the thickness of 50 lm was fabricated. The

pure Mg membrane was cut into square shape with the

width of 8 mm.

2.2 Fabrication of Ca–P coating

The pure Mg membrane was immersed in 0.1 mol�L-1 KF

solution for 24 h first, and subsequently, the samples were

immersed in a mixed solution of NaNO3, Ca(H2PO4)2�H2O

and H2O2 for 24 h. A constant temperature of 20 �C was

maintained. After immersion, the samples were cleaned

with absolute ethanol and dried in air. Pure Ti screw (1802-

15-05, Xi’an Zhongbang Titanium Biological Materials

Co., Ltd., Xi’an, China) was used to fix the pure Mg

membrane. Diameter of head, tip diameter and length are

2.50, 0.45 and 1.23 mm, respectively. Micro-arc oxidation

(MAO) coating was fabricated on the pure Ti screw in

order to avoid the galvanic corrosion between the pure Ti

and pure Mg membrane. The detailed method was the same

with our previous work [20].

2.3 In vitro tests

The microstructure of the coated Mg membrane was

observed by a scanning electron microscope (SEM,

S-3400N). Energy-dispersive spectrum (EDS) was used to

analyze the composition of the coating. The coated Mg

membrane with a surface area of 0.64 cm2 was used for the

electrochemical test. The test was performed by using

Gamry Instruments (Reference 600). A three-electrode

system was used for the test, and the detailed parameters

were the same with our previous work [21]. The test was

repeated three times for each coating. The coated Mg

membranes were immersed in a Hank’s solution for

2 weeks. The immersion ratio was 1.25 cm2�ml-1. The

Hank’s solution was changed every day in order to keep the

solution fresh. The pH value was measured for 2 weeks.

After immersion, the samples were cleaned in chromium

trioxide solution. The corrosion rate was calculated [22].
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Then, the morphology of the coated Mg membrane was

observed by SEM.

2.4 In vivo tests

2.4.1 Animals and ethics

Nine healthy male New Zealand White rabbits, aged

6 months and weighing 2.5–3.0 kg, were used in this study.

The Ethics Committee for Clinical Trials of Affiliated

Zhongshan Hospital of Dalian University approved the

study protocol (No. DW2018-054). The experimental ani-

mals were provided by Animal Testing and Research

Center of Dalian Medical University (Dalian, China) and

cared in accordance with international standards on animal

welfare by the Animal Research Committee of the hospital.

Each rabbit was kept in a single cage under observation and

supervision for 1 week before the experiment to monitor

the behavior. Standard quantity and quality of diet and

water drinking were permitted.

2.4.2 Surgical procedure

The surgical procedure was performed under strict sterile

conditions. General anesthesia was induced during all

surgical procedures. After the intravenous injection of

pelltobarbitalum natricum 30 mg�kg-1 and intramuscular

injection of xylazine hydrochloride 0.1 mg�kg-1 with

standard monitoring, local anesthesia was performed with

Primacaine. Then, chlorhexidine gluconate solution

(0.05%) was used to cleanse the skull region. The soft

tissue and periosteum were carefully raised following a

midline incision. There were a total of four circular osseous

defects with 6.0 mm in diameter and 1.3 mm in depth

made with a surgical bur, and no damage to dura was

ensured. The distance between the edges of adjacent

defects was at least 4 mm. The periosteum over each

osseous defect was completely removed to avoid the con-

tribution to the GBR procedures in the study. The bone

harvested from the defect region was prepared to fill the

defects as autologous bone powder. The defects of each

rabbit were assigned to receive Ca–P-coated Mg mem-

brane, pure Ti membrane, pure Mg membrane and no

membrane (Fig. 1). Then, all membranes were applied over

the autologous bone powder and fixed with micro-screws.

And the distance between the edges of the adjacent mem-

branes is at least 2 mm. The wound was closed and close

postoperative observation was taken. Figure 2 shows the

surgical procedure. Surgical inspection under local anes-

thesia on randomly selected four rabbits at 1 week and

2 weeks after surgery was taken to evaluate the absorption

of membranes, and two of the four were used at each time

point. And subcutaneous puncture procedure to all rabbits

at 1 week after surgery was performed to leak the hydrogen

cavity. No more damage to the defect region was ensured.

2.4.3 Samples harvest

Three of nine rabbits were randomly selected and killed at

4, 8 and 12 weeks post-surgery, respectively. And the

fluorescence labeling was performed with calcein fluores-

cent dye (Sigma, USA) by intramuscular injection before

killing them. An incision was made over the old incision,

and tissues were carefully dissected. The tissue/bone

blocks containing reconstructed bone and its surrounding

native bone were harvested and immediately placed into

70% ethanol for fixation.

2.4.4 Micro-CT

Micro-CT images of all bone/tissue blocks were pho-

tographed on a micro-CT system (80 V, 500 lA; Siemens,

Germany) with a resolution of 9.47 lm. And the three-

dimensional (3D) images were reconstructed and measured

by Mimics 17.0 software. Then, the measurements of bone

volume density (BV/TV) around the defect region were

given by these 3D images.

2.4.5 Fluorescence labeling observation and

histomorphometric evaluation

After fixation and embedding, all bone/tissue blocks were

made into hard tissues sections. First, the bone/tissue

blocks were dehydrated in graded series of ethanol (70%

up to 100%). Then, all were thoroughly rinsed in tap water

and infiltrated in pure resin. After that, the specimens were

embedded in pure resin. Finally, by using the Exakt sawing

Fig. 1 Assignment of different membranes over defect regions A

Ca–P-coated Mg membrane, B pure Mg membrane, C blank and D

pure Ti membrane
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and grinding equipment (Exakt Apparatebau, Norderstedt,

Germany), the sections obtained were cut into size of about

50–60 lm. All sections were observed by a confocal laser

scanning microscopy (LSM, Nikon, Japan). Then, the

sections were stained with hematoxylin–eosin (H&E) to

visualize the evidence of new bone formation and exam-

ined using a light microscope (XD-202, Nanjing Jiangnan

Novel Optics Co., Ltd., Nanjing, China).

2.4.6 Statistical analysis

After one-way analysis of variance (ANOVA) test was

performed to analyze the parametric data (reported as

mean ± standard deviation), post hoc comparisons of

means were carried out with the Student–Newman–Keuls

(S–N–K) analysis. A value of P\ 0.05 was considered

statistically significant.

3 Results

3.1 Microstructural characterization

Figure 3 presents the microstructure and EDS analysis of

the coated pure Mg membrane. It can be observed that the

grain size of the pure Mg membrane was about 2–5 lm

(Fig. 3a). There were many randomly distributed lamellar

depositions on the surface of the coated Mg membrane

(Fig. 3b). The thickness of the Ca–P coating was not uni-

form. The thickness ranged from 10 to 70 lm (Fig. 3c).

According to EDS analysis, it can be inferred that the

composition of the coating was mainly calcium phosphate

(Fig. 3d).

3.2 In vitro experiments

3.2.1 Electrochemical tests

Figure 4 and Table 1 present the potentiodynamic polar-

ization curves and the Tafel fitting results. It can be seen

that the corrosion current density (icorr, lA�cm-2) of Ca–P-

coated Mg (4.78 lA�cm-2) was much lower than that of

uncoated pure Mg (8.50 lA�cm-2) and the corrosion rate

(Pi, mm�year-1) was calculated according to the following

equation [22]:

Pi ¼ 22:85icorr ð1Þ

The corrosion rate of uncoated pure Mg

(0.19 mm�year-1) was about two times higher than that

of Ca–P-coated Mg membrane (0.11 mm�year-1). Figure 5

shows the impedance curves of the coated Mg membrane.

Figure 5a shows the relationship between the real part and

imaginary part. Figure 5b shows the relationship between

the impedance modulus and phase angle with the

frequency. From the Nyquist curves, it can be seen that

there are a large capacitive loop and a small inductive loop.

Fig. 2 Surgical procedures: a raising soft tissue and periosteum, b surgically creating bone defects with preservation of underlying dura,

c grinding bone harvested from surgery into autologous bone powder, d placement of autologous bone powder into defect site and e placement

and fixation of membranes over defect region
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Usually, the larger diameter of the capacitive loop means

the better corrosion resistance. In addition, the value of

Bode curve at low frequency is also closely related to the

corrosion resistance. The higher the value is, the better the

corrosion resistance is. Therefore, it can be concluded that

the corrosion resistance of Ca–P-coated Mg was much

better than that of uncoated pure Mg. The electrochemical

impedance spectroscopy (EIS) curves are fitted by Gamry

Echem Analyst software with the errors less than 5%. The

equivalent circuit [22] is presented in Fig. 5a. There were

also double layers for the uncoated pure Mg. The corrosion

products on the pure Mg membrane surface could act as a

protective layer. Therefore, the equivalent circuit was the

same for the coated and uncoated pure Mg membranes.

Both R1 (film resistance) and R2 (charge transfer resistance)

were closely related to the corrosion resistance. R1 value of

coated Mg was larger than that of uncoated pure Mg,

indicating that the coating had a good protective effect. In

addition, R2 value of coated Mg was also larger than that of

uncoated pure Mg, indicating that the charge transfer

resistance of the coated Mg was higher than that of

uncoated pure Mg. L represents the inductance between the

hydrogen and the substrate. Rs is the Hank’s solution

resistance. CPE1 is the capacity between the corrosion

products layer and the solution. CPE2 is the capacity

between the matrix and the solution.

Fig. 3 SEM images of a pure Mg membrane, b surface and c cross section of coated Mg membrane; d EDS analysis of Area A marked in b

Fig. 4 Potentiodynamic polarization curves of three coatings in

Hank’s solution

Table 1 Tafel fitting results based on potentiodynamic polarizations

tested in Hank’s solution

Materials icorr/

(lA�cm-2)

Ecorr/V Pi/

(mm�year-1)

Ca–P coated Mg 4.78 ± 1.28 - 1.56 ± 0.03 0.11 ± 0.03

Uncoated pure

Mg

8.50 ± 0.94 - 1.60 ± 0.01 0.19 ± 0.02
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3.2.2 Immersion test

Figure 6 shows the pH change in the coated and uncoated

pure membrane in Hank’s solution. It can be observed that

the pH value of the uncoated pure Mg was much higher

than that of the coated Mg. After 3-day immersion, the pH

value of the Ca–P-coated Mg was stabilized at about 7.8.

However, the pH value of the uncoated pure Mg was sta-

bilized at about 10.7. In addition, the corrosion rate is also

shown in Fig. 6. The corrosion rate of uncoated pure Mg

was about 3.20 mm�year-1 which was much higher than

that of Ca–P-coated Mg membrane (1.76 mm�year-1).

Figure 7 shows the corrosion morphologies of the coated

and uncoated pure Mg membrane. It can be seen that the

coated Mg exhibited good corrosion resistance without

severe corrosion pits observed. However, the uncoated pure

Mg was severely corroded with obvious pitting corrosion

observed (Fig. 7).

Fig. 5 Impedance curves: a Nyquist curves and b Bode and phase angle curves

Fig. 6 pH change in pure Mg membrane at different immersion time

in Hank’s solution

Fig. 7 Corrosion SEM images of pure Mg membrane with removal of corrosion products after 14-day immersion: a Ca–P-coated Mg and

b uncoated pure Mg
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3.3 In vivo experiments

In general, all rabbits remained stable after the bone defect

protocol surgery. During surgical inspection and killing, no

significant signs of infection or wound dehiscence were

identified in all defect regions. From the surgical inspection

and observation before killing, small subcutaneous gas

pockets over membranes of all rabbits were noted at

1 week; after the leak of hydrogen, no significant signs of

subcutaneous gas pockets were noted; at 1 week after

surgery, the Mg membranes were visually no longer left; at

1 and 2 weeks, there were no significant visual area

changes in Ca–P-coated Mg membranes; at 4 weeks, there

were two-thirds of area of Ca–P-coated Mg membranes

visually left; and at 8 weeks, there were no Ca–P-coated

Mg membranes existed (Table 2).

3.3.1 Micro-CT

The measurements and analysis results are summarized in

Table 3, including F value and P value (between groups

ANOVA). During the observation period, all groups

exhibited an increase in BV/TV. At Week 4, Ca–P-coated

Mg membrane performed the highest BV/TV; however,

there was no significant difference between Ca–P-coated

Mg membrane group and pure Ti membrane group. Pure

Mg membrane group was the lowest group. At Week 8 and

Week 12, BV/TV measurements of pure Ti membrane

group were both significantly higher than those of Ca–P-

coated Mg membrane group. There was a significant dif-

ference between pure Mg membrane group and blank

group at Week 8; in contrast, there was no significant

difference found between the two groups at Week 12.

Compared with the pure Mg membrane group and blank

group, the 3D image of bone defect under Ca–P-coated Mg

membrane at Week 12 obviously showed the formation of

mature bone (Fig. 8).

3.3.2 Fluorescence labeling observation

At the end of 4, 8 and 12 weeks, the fluorescence labeling

observation was taken to evaluate the bone mineralization

(Fig. 9). With the increase in time, the fluorescent intensity

of all groups increased; the pure Mg membrane group was

the worst performance group compared with blank group at

Week 12. At Week 4, the fluorescent intensity of Ca–P-

Table 2 Fitting results of materials immersed in a Hank’s solution

Specimens Rs/(X�cm2) CPE1 R1/(X�cm2) CPE2 R2/(X�cm2) R3/(X�cm2) L/(H�cm-2)

Y01/(S�sn�cm2) n1 Y02/(S�sn�cm2) n2

Ca–P coated Mg 23.99 3.48 9 10-6 0.70 0.33 9 103 18.49 9 10-6 0.60 21.92 9 103 29.04 9 103 403.30

Uncoated pure Mg 22.96 18.80 9 10-6 0.60 0.13 9 103 23.25 9 10-6 0.70 18.78 9 103 9.43 9 103 148.70

Table 3 Measurements and analysis results of BV/TV at different time points (mean ± standard deviation, %)

Week Type of membranes F value P value

Blank Pure Ti membrane Pure Mg membrane Coated Mg membrane

4 33.687 ± 0.035r 35.954 ± 0.042d 26.701 ± 0.013r 38.785 ± 0.049 21.751 0.000334

8 35.094 ± 0.017r 43.723 ± 0.033d 29.864 ± 0.019r 40.519 ± 0.021 20.448 0.000415

12 42.976 ± 0.019d 55.963 ± 0.053r 37.689 ± 0.048r 48.537 ± 0.088 14.127 0.001462

rP\ 0.05 Ca–P-coated Mg membrane group versus blank, pure Ti membrane as well as pure Mg membrane group; dP[ 0.05 Ca–P-coated

Mg membrane group versus blank, pure Ti membrane as well as pure Mg membrane group

Fig. 8 3D image of bone defects at Week 12
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coated Mg membrane group was slightly higher than that

of pure Ti membrane group and significantly higher than

that of blank group. At Week 8, the fluorescent intensity of

Ca–P-coated Mg membrane group was slightly lower than

that of Ti membrane group and significantly higher than

that of blank group. At Week 12, the pure Ti membrane

group was the highest group, and the fluorescent intensity

of Ca–P-coated Mg membrane group was still significantly

higher than of blank group.

3.3.3 Descriptive histology

The histological sections showed that all groups had new

bone formed around the bone graft (Fig. 10). There were

traces of mature bone formation at 4 weeks and more

mature bone formation at 8 and 12 weeks. And no soft

tissue infiltration was noted during the observation period.

At Week 4, the Mg membranes over the bone defect

regions were no longer present. In comparison, the Ca–P-

Fig. 9 Fluorescence images of a–c blank group, d–f pure Ti membrane group, g–i pure Mg membrane group and j–l Ca–P-coated Mg membrane

group at 4, 8 and 12 weeks, respectively
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coated Mg membranes were mostly present at the point of

harvest. The new bone formation of the Ca–P-coated Mg

membrane group was relatively better than that of pure Ti

membrane group and significantly better than that of blank

group. However, the Ca–P-coated Mg membranes in vol-

ume at Week 8 were less than that at Week 4 and were no

longer present at Week 12. At Week 8 and Week 12, the

new bone formation of the Ca–P-coated Mg membrane

group was worse than that of pure Ti membrane group and

still significantly better than that of blank group. In the

absence of a barrier membrane, the new bone formation of

pure Mg membrane group was the worst at Week 4 and Week

8 and comparable to that of the blank group at Week 12.

4 Discussion

In this pilot study, the investigation of Ca–P-coated Mg

membranes in GBR procedures was performed by comparing

three different barrier membranes in a rabbit model. Mg

materials were promising candidates for new types of mem-

branes for GBR due to its favorable biodegradation,

mechanical stability and biocompatibility. However, the poor

corrosion resistance of Mg has been a major obstacle to its

clinical applicability. Results from previous works showed

that the Ca–P coating significantly promoted the surface

bioactivity of Mg implants and enhanced the corrosion

resistance [23, 24]. By the use of Ca–P coating, we have

evaluated the performance of biodegradable Mg for barrier

membranes. As a result, the Ca–P coating was deposited on

Mg membranes and the surface structure observed by SEM

shows that the coating was compact but non-uniform. Energy-

dispersive spectroscopy (EDS) analysis indicates that the

coating is mainly composed of Ca, P and O. From the elec-

trochemical experimental result, it can be seen that the cor-

rosion rate of uncoated pure Mg was four times higher than

that of Ca–P-coated Mg membrane. Moreover, the coated Mg

Fig. 10 H&E observation of a–c blank group, d–f pure Ti membrane group, g–i pure Mg membrane group and j–l Ca–P-coated Mg membrane

group at 4, 8 and 12 weeks, respectively
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membrane exhibited more uniform corrosion than the

uncoated pure Mg membrane.

The ultimate goal was to develop a novel barrier

membrane with a reasonable degradation rate and adequate

mechanical stability to be used as a volume-stable mem-

brane in GBR with no requirement for removal. The

mechanical properties of the pure Mg membrane provide

the sufficient volume stability. The performance in physi-

ological environments counts heavily in the development.

Currently used volume-stable barrier membranes are made

of Ti or reinforced by Ti, achieving excellent results in

clinic. Thus, we compared the pure Ti membranes with the

Ca–P-coated Mg membranes in a clinically relevant rabbit

model. The pure Mg membrane group and blank group

(absence of a membrane) were set to verify the in vivo

enhancement of corrosion resistance and bioactivity.

Micro-screws were used for fixation to avoid the movement

and dehiscence. The study showed spontaneous bone

healing in rabbit calvarial defects, which is in agreement

with Delgado-Ruiz et al. [25]. However, the superior bone

healing was noted where the Ti membranes or the Ca–P-

coated Mg membranes covered. Owing to high corrosion

rate, pure Mg membranes were no longer left and small

subcutaneous gas pockets cover membranes due to that the

formation of hydrogen was also noted when the first sur-

gical inspection was performed at 1 week post-surgery.

The performance of pure Mg membrane group at Week 4

in terms of BV/TV measurement and histology observation

indicated that hydrogen bubbles may have negative effects

on bone regeneration and delay the healing of surgical

region. This is in agreement with the report by Song et al.

[26]. After inspection, with the release of hydrogen bub-

bles, the performance of pure Mg membrane group with the

absence of membrane was comparable to that of blank

group at Week 12. In comparison, the significant absorp-

tion of Ca–P-coated Mg membranes was not visually noted

during the surgical inspection at 1 and 2 weeks post-sur-

gery and visually identified at 4 weeks post-surgery. No

significant signs of subcutaneous gas pockets were visually

and tactilely noted after the first surgical inspection. This

indicated that the hydrogen resulting in that subcutaneous

gas pockets was mainly from the absorption of Mg mem-

brane. All Ca–P-coated Mg membranes were no longer left

at Week 8. In agreement with the in vitro results, this result

suggested that the Ca–P coating significantly promotes the

corrosion resistance in vivo. Interestingly, by comparing

the observation at Week 2 (hydrogen had been leaked and

Ca–P-coated Mg membranes were not significantly absor-

bed) with Week 8 (the Ca–P-coated Mg membranes were

totally absorbed), it appeared that the hydrogen from the

absorption of Ca–P-coated Mg membranes was low. This

suggested that the thin thickness of membrane, low amount

of Mg and low corrosion rate of Ca–P-coated Mg

membrane contribute to lower amount and slower pro-

duction of hydrogen. Moreover, the hydrogen may be

slowly adsorbed by the rabbit during the observation per-

iod. At Week 4, the Ca–P-coated Mg membrane group

exhibited significantly better bone regeneration due to the

bioactivity of Ca–P coating. With the resorption of mem-

branes and formation of hydrogen bubbles, the pure Ti

membrane group was increasingly better than the Ca–P-

coated Mg membrane group at Week 8 and Week 12. The

BV/TV measurement, fluorescence labeling observation

and histology observation confirmed this. This suggested

that the Ca–P-coated Mg membranes may achieve rela-

tively better results than Ti membranes in clinic with the

duration of membrane. Not only the Ca–P coating but also

the Mg ions acts effective roles in bone regeneration during

the absorption of Ca–P-coated Mg membranes. In a recent

study, with subcutaneous puncture procedure to leak the

hydrogen cavity, Lin et al. [27] concluded that a higher

degradation amount of Mg would contribute to superior

bone regeneration ability. They also discovered excellent

outcomes in dentistry application of Mg-based materials.

This property, compared to other biomaterials such as

collagen and Mg alloys, will significantly reduce the

potential risk of alloying elements or inflammatory reaction

due to the introduction of desirable biocompatibility and

low antigenicity biomaterial, which is named as the foreign

body reaction [28, 29]. This might have significantly pos-

itive effects on the reconstruction of large bone defects

[30].

Ca–P-coated Mg membrane exhibited better bioactivity

than pure Ti membrane at the early implantation time

(before 4 weeks). With implantation time prolonging, the

coated Mg membrane could not meet the clinical service

time (at least 12 weeks), which is due to its low thickness

(50 lm) and fast degradation. Therefore, increasing the

thickness of the pure Mg membrane and in further con-

trolling the degradation rate of the membrane will be tried

in the future study. However, from this preliminary

investigation, it has been shown that Ca–P-coated Mg

membrane has a good promising application for GBR.

5 Conclusion

This pilot study investigated the clinical effectiveness of a

Ca–P-coated Mg membrane and provided directions for

further study of Mg membrane for GBR. The Ca–P coating

significantly promotes the corrosion resistance of Mg

membrane both in vitro and in vivo. The Ca–P-coated Mg

membranes may achieve relatively better results than pure

Ti membranes in clinics with the duration of membrane, in

terms of the BV/TV at Week 4. The duration time still
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cannot meet the clinical demand, and related experiments

to improve the quality of the coating are undergoing.
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